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Abstract
Overview of the latest theory developments presented at the Hard Probes 2015 conference, held at McGill University,
Montreal, Canada, in July 2015.
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1. Introduction
The study of hard probes in heavy ion collision is
equivalent to any standard experiment where a cali-
brated probe is used, i.e., a physical object under strict
theoretical control for which a definite relationship be-
tween its properties and those of the probed system can
be established. Unfortunately, we cannot hit the mat-
ter produced in heavy ion collisions, namely the quark
gluon plasma, with an external probe. It lives for a too
short period of time and its extent typically does not
exceed ∼ 20fm. Thus, one uses the hard probes that
are produced in the heavy ion collision itself. This in-
cludes high momentum hadrons as well as fully recon-
structed jets. Also electromagnetic probes, like photons
and dileptons, of various energies and momenta should
be useful tools to learn about the early stages of the col-
lision.
The goal of these measurements is to learn about the
strong force, namely the theory of quantum chromo dy-
namics (QCD), and the properties of extended hot and
dense systems governed by it. In particular we seek
to experimentally access the phase diagram of QCD,
which contains information on where and how decon-
finement and chiral symmetry restoration occurs. Fur-
ther, we aim at gaining insight into the transport prop-
erties of the QCD medium produced, in particular char-
acterized with regards to hard probes by qˆ, the average
transverse momentum squared per unit length acquired
by a hard particle traversing the medium. This is re-
lated to other transport properties of the medium, most
prominently the shear viscosity to entropy density ratio
η/s and the bulk viscosity to entropy density ratio ζ/s,
which in principle are also accessible via the study of
soft particles and their correlations.
In this overview we review the latest progress in the
field of heavy ion physics presented at the Hard Probes
2015 conference. Because the study of medium effects
on hard probes involves not only the calculation of the
hard probes and their evolution, but also requires a firm
understanding of the initial state and bulk evolution of
the medium, both of these subjects were covered at the
conference. We further discuss heavy flavor and electro-
magnetic probes, as they provide additional insight into
the medium properties, at any momentum scale. Since
recently, the study of high multiplicity events in small
collision systems such as p+p and p+A has shown that
they contain interesting physics beyond expected cold
nuclear effects. We thus devote a section to these sys-
tems and discuss our latest understanding of the mea-
surements.
We organize this overview by sub-field, beginning
with a description of the current status of describing the
initial state of heavy ion collisions, followed by new de-
velopments in the sector of bulk evolution and electro-
magnetic probes. We then move on to discuss the lat-
est results on hard probes themselves, and present an
overview of heavy flavor physics relevant for heavy ion
collisions. Finally we will present the theoretical status
of the description of high multiplicity events in small
collision systems.
2. Initial state
The initial state description of heavy ion collisions,
namely the calculation of the coordinate and momen-
tum space structure of the produced matter, has ad-
vanced quite significantly in the past years. In particular
the calculation of the low momentum region, which is
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most relevant in determining the initial energy momen-
tum tensor of the hydrodynamic evolution, is challeng-
ing and only recently has there been progress in obtain-
ing it from a Glasma initial state, described by classical
gluon fields within an effective theory of QCD [1, 2, 3].
At this conference, an initial state description using a
somewhat different philosophy, starting with pQCD and
introducing saturation to regulate the low momentum
part, was presented. This EKRT (after the authors of
[4]) framework has several features in common with the
IP-Glasma and is the only other model shown to de-
scribe the complete event-by-event distributions of the
flow harmonics [5]. Since it lacks the fine structure in
the transverse spatial energy density distribution, this
indicates that such details are less important than the
larger scale prescription for energy deposition to de-
scribe the observables studied so far at RHIC and LHC.
We will return to this model in the next section when we
discuss the bulk observables.
Another important aspect of the initial state is the de-
scription of the incoming nuclei and their gluon distri-
bution. Recent progress in this direction is the solution
of the next to leading order (NLO) BK equation [6].
It turns out that numerical solutions lead to unphysi-
cal results, namely solutions that are not positive defi-
nite, depending on the initial condition [7]. This behav-
ior is seemingly cured when resumming large radiative
corrections that are enhanced by double collinear loga-
rithms [8]. The general result is a slowing down of the
evolution due to NLO corrections.
3. Bulk properties
In addition to the initial state physics, the theoretical
description of the medium evolution is a major com-
ponent in modeling heavy ion collisions and necessary
to determine the transport properties of the medium in
comparison with experimental data. It is further a nec-
essary ingredient in all calculations of hard probes, if
one wants to compare to experimental data.
Viscous relativistic fluid dynamics is the most suc-
cessful tool in modeling the bulk evolution in heavy ion
collisions [9]. Extended theories of relativistic fluid dy-
namics, which are necessary because relativistic Navier-
Stokes theory is unstable due to acausally propagating
modes, can be derived from the relativistic Boltzmann
equation. Relatively new derivations (DNMR after the
authors), that improve upon the traditional 14 moment
approximation, provide a more physical truncation by
only considering the relevant (slowest) time scales and
using a systematic power counting in Knudsen and in-
verse Reynolds numbers [10]. Further new develop-
ments include the so called anisotropic hydrodynam-
ics, where the gradient expansion is performed around a
modified (anisotropic) momentum distribution [11, 12].
This leading order “aHydro” was extended to also in-
clude corrections that are not governed by included
anisotropy of the momentum distribution, and dubbed
vaHydro [13]. A recent comparison shows that the lat-
ter leads to best agreement with an exact solution of the
Boltzmann equation, followed by aHydro, DNMR and
the conventional 14 moment method [14, 15, 16].
As mentioned in the previous section, the EKRT
framework, together with second order viscous hydro-
dynamics was used to describe a wide range of observ-
ables and constrain the temperature dependence of η/s
[5, 17]. Because of different sensitivities of various ob-
servables to the initial state and the transport param-
eters of the medium, a strategy for constraining both
is emerging. The initial state and its fluctuations can
be constrained by matching the event-by-event distribu-
tions of the flow harmonics (which are insensitive to the
transport parameters). Then the mean values of the vn
and the event plane correlations at different energies can
be used to constrain (η/s)(T ) and potentially (ζ/s)(T ).
There are of course alternative descriptions to hy-
drodynamics. More microscopic descriptions of the
medium, e.g. numerical solvers of the relativistic Boltz-
mann equation, have also been used to determine trans-
port parameters such as η/s [18]. In this framework, a
similar sensitivity of the flow harmonics to the temper-
ature dependence of η/s at different energies as deter-
mined in hydrodynamic calculations [19, 5] was found.
4. Electromagnetic probes
Recent focus in the sub-field of electromagnetic
probes in heavy ion collisions has been on the un-
derstanding of the yields and anisotropic flow of pho-
tons. Many calculations, and in particular hydrody-
namic models that describe hadronic observables ex-
tremely well, underestimate the experimental data on
photon yields and flow from RHIC or LHC.
Several suggestions to improve the agreement with
data by including thus far ignored but potentially im-
portant physical effects have been made. One of them
is the possible chemical non-equilibrium at early times,
leading to delayed quark production and thus a delay
of photon production to later times [20]. This increases
the photon v2 because photons will be produced at times
when the system has already built up more flow. How-
ever, yields are further reduced, increasing the problem.
Improvements of the thermal photon calculation us-
ing hydrodynamic evolution, in particular the inclusion
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of bulk viscosity and more complete hadronic photon
rates, have also led to reduced tension between the the-
oretical photon yield and v2 and the experimental data
[21]. The later stage photon production was identified
to be very important (see also [22, 23]), and further im-
provements in the description of hadronic photon pro-
duction rates will be necessary. Likewise, a more so-
phisticated treatment of jet-medium photon production
will be required.
Anisotropic hydrodynamic calculations have ex-
plored the effect of the initial momentum-space
anisotropy of the QGP on photon and dilepton produc-
tion [24, 25, 26]. Photon elliptic flow is found to in-
crease with increasing η/s in this study, regardless of
the assumed initial momentum-space anisotropy, whose
variation leads to a modification of the shape of v2
vs. transverse momentum.
Another recent development is the calculation of ther-
mal photon and dilepton rates to next to leading order
(NLO) in [27, 28, 29]. Of particular interest is the gener-
alization of the dilepton rate to arbitrary invariant mass
M by combining the results from [28] and [30]. An
interesting conclusion from this work is that the rates
are only mildly affected by NLO corrections, even for
αs = 0.3, and for this coupling are smooth across the
light cone, which supports the use of low-mass dilep-
tons as a proxy for real photon measurements.
Dileptons can further be used to gain important in-
sight into chiral symmetry restoration and whether it is
achieved in heavy ion collisions. One clear indication of
this would be a measurement of degenerate ρ and a1 me-
son spectral functions. Unfortunately, due to the broad
structures in the axial channel and large backgrounds,
the a1 spectral function is very hard to measure. So
a direct demonstration of degenerate spectral functions
of chiral partners is not possible at the moment. How-
ever, it has been shown [31, 32] that the broadening of
the ρ meson spectral function, which is calculated us-
ing Weinberg sum rules and necessary to describe the
dilepton invariant mass spectra in heavy ion collisions,
is compatible with chiral symmetry restoration. More
precisely, the mechanism of chiral symmetry restora-
tion is an evaporation of the chiral ρ − a1 mass splitting
with increasing temperature and increasing low energy
strength (close to the ρ mass) in the a1 spectral function
along with the broadening of the ρ.
5. Heavy flavor
The medium modification of quarkonium produc-
tion could give important information on the forma-
tion of the quark gluon plasma and its detailed prop-
erties. Therefore it is important to develop a sophisti-
cated understanding of quarkonium production, one as-
pect of which is the consideration of formation time
[33]. The resulting delay of quarkonium production
will increase its survival probability in a hot and dense
medium, since it will be produced at a lower tempera-
ture where the thermal decay width is smaller. Recom-
bination is another important aspect of quarkonium pro-
duction in heavy ion collisions, and its presence is sup-
ported by measurements of the RJ/ψAA at LHC [34]. Fur-
thermore, the production of excited charmonium states
in comparison to the J/ψ meson could give additional
information on the recombination process. This was
studied in [35] by evaluating the Wigner functions of
the J/ψ and ψ(2S ) states. Here it was argued that differ-
ences in the wave function distributions in momentum
space of the two states can explain the measurement of
the nuclear modification factor ratio between the ψ(2S )
and J/ψ meson [36].
Considering open heavy flavor, the detailed descrip-
tion of the energy loss of the heavy quarks is impor-
tant to describe e.g. the RAA and elliptic flow v2 of D
mesons. It was found recently that the variation of the
temperature dependent drag coefficient (as well as the
inclusion of coalescence) can make a big difference for
the elliptic flow coefficient of D mesons, while the RAA
can be relatively unaffected [37, 38]. This allows for
a simultaneous description of the measured RAA and v2
[39]. In medium hadronization was also pointed out to
be of importance to achieve this agreement within the
POWLANG framework in [40, 41].
To study heavy quark energy loss, it was pointed out
in [42, 43] that tagging jets with B-mesons is very help-
ful, because it enhances the sample of events with heavy
quarks produced at the early stages of the collision sig-
nificantly. The quenching of such b-tagged jets was
computed in above works using the GLV energy loss
formalism and predictions are presented for RAA and the
momentum imbalance.
Regarding radiative energy loss of heavy quarks,
within the Higher Twist framework the drag induced ra-
diative energy loss of heavy quarks was found to be just
as important as that induced by transverse momentum
diffusion [44].
Medium effects on heavy quarks can also be ob-
tained from lattice calculations, which have yielded up-
dated estimates of the heavy quark diffusion coefficient
DT = 0.59...1.1 [45]. The lattice can further provide
the medium modification of quarkonium states. Recent
limits on the survival of bottomonium states from lat-
tice NRQCD show survival of the Υ and χb1 states up to
T & 249 MeV [46].
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6. Parton showers and jets
To describe jet measurements at the LHC and RHIC,
theoretical calculations need to go beyond the energy
loss and momentum diffusion of single partons, and de-
scribe the entire parton shower. This involves describ-
ing the virtuality (or angular) ordered vacuum shower,
the time ordered in-medium shower and possible inter-
ferences between the two. The vacuum shower is gen-
erally under good control and can be simulated realisti-
cally using Monte Carlo techniques by event generators
[47] such as PYTHIA [48], HERWIG [49], or SHERPA
[50].
While at high virtuality (and high energy), correc-
tions to the vacuum shower can be accounted for in the
Higher Twist (HT) formalism [51], at low virtuality (and
high energy) the correct framework is the BDMPS-Z
description [52, 53, 54, 55]. The transition from one
regime to the other is however not easy to describe and
more details on the different regimes and the issue of
their combination can be found in a dedicated contri-
bution in these proceedings [56]. Further, at low en-
ergy, perturbative methods seize to be valid: the radiated
soft partons (of order ∼ 1 GeV) are strongly coupled to
the medium and the only available method to describe
this regime is via the conjectured AdS/CFT correspon-
dence [57, 58, 59]. This method has been combined
with a vacuum shower in [60] and comparison to data
has shown good agreement [61] for various jet observ-
ables.
Analyzing the time scales in the BDMPS-Z formal-
ism, the structure of a medium shower in the high en-
ergy and low virtuality regime was shown to consist of
a coherent inner core and large angle decoherent gluon
cascades [62, 63]. Furthermore, color decoherence re-
moves the angular ordering of the vacuum shower and
allows for additional soft radiation within the inner cone
[64]. QGP-induced successive branchings along the
parton shower are independent and quasi-local (inter-
ferences are suppressed), which allows for a probabilis-
tic picture of the shower evolution, as implemented in
event generators such as MARTINI [65]. In the multi-
branching sector, the inclusive gluon distribution obeys
a rate equation with a scaling solution, that describes the
constant flow of energy down to the medium tempera-
ture scale [66, 63].
The soft radiated partons lose energy and are “broad-
ened” until the eventually thermalize. To study the de-
tails of this process, the jet evolution and thermalization
can be combined via drag and diffusion in the Fokker-
Planck equation [67]. A characteristic structure of the
(partially) quenched jet with the leading particle front
and a soft thermalized tail is found.
The medium property that affects the momentum
broadening of high momentum partons is the mean
transverse momentum squared per unit length qˆ. The
〈p2T 〉 from a radiative process with one single scattering
picks up two logarithmic contributions (in ω and kT ).
This enhancement can be absorbed into a redefinition of
the jet quenching parameter qˆ [68, 69].
Another recent effort is to compute parton energy loss
at NLO. This involvesO(g) corrections to the drag from
non-linear interactions of soft gluon fields and correc-
tions to the collision kernel and the inclusion of (semi-
collinear) wider angle bremsstrahlung for the radiative
part [70, 71]. Without a detailed, possibly Monte Carlo,
calculation it is hard to tell how much impact the NLO
corrections will have on any observables.
Regarding the jet-medium interaction, from phe-
nomenology, it was found to depend on temperature and
the energy of the jet - otherwise a simultaneous descrip-
tion of RAA and v2 is not possible [72, 73]. Further,
the recoil of the jet on the medium should have a no-
ticeable effect on the intra-jet structure [74, 75]. This
structure can also be described within soft collinear ef-
fective theory when medium interactions are included
via “Glauber gluon” interactions [76].
Finally, some progress is being made in the de-
scription of the last step in jet shower calculations,
the hadronization. Although very hard partons should
hadronize outside the medium, the highly abundant soft
components of a jet have a high probability of hadroniz-
ing in the medium. Including thermal partons from the
background medium into the hadronization is thus nec-
essary and leads to a modification of the hadron distri-
bution functions [77].
7. Small systems
The study of small collision systems has gained in-
creased attention due to the discovery of ridge like cor-
relations in p/d+A and even p+p collisions. These may
originate from correlations in the initial particle produc-
tion or final state collective effects (for a recent review
see [78]).
In particular, it was shown that initial state effects are
able to produce a v2 component for gluons [79], while
a finite v3 can be generated by the Yang-Mills evolution
of the gluon fields [80]. For more details on this topic
see [81] in these proceedings.
If final state effects are not the dominant mechanism,
forward J/Ψ production in p+A collisions can tell us
about “cold nuclear matter” effects, that can either be
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quantified by nuclear parton distribution functions (pdf)
or calculated from the color glass condensate effective
theory (CGC). Very detailed analyses were presented
using nuclear pdf’s at leading order and NLO, where
within the uncertainties both can describe the experi-
mental data on the RpPb [82]. However, the forward-
backward ratios, independent of the interpolated p+p
baseline, are not as well described. The somewhat older
EKS98 LO parametrization was found to do the best
job of describing all the data. A new CGC calculation
[83, 84] using a running coupling BK evolved dipole
operator with parameters constrained by HERA data
and Glauber nuclear geometry leads to better agreement
with the experimental data on RpPb than previous results
[85]. Furthermore, it was presented that coherent en-
ergy loss (the regime where the formation time t f > L,
with L the length of the medium) can also describe the
RpPb (and RdAu) of J/ψ measured at LHC (RHIC) [86].
Concerning the ridge effect, it was suggested [87] that
within a hybrid approximation, treating the projectile
proton in the parton model and the target nucleus in
the CGC approach, also di-photon correlations should
show a ridge like correlation in p+A collisions at RHIC
energies. This type of correlation results from the dou-
ble fragmentation component of prompt di-photons. A
measurement of these correlations could provide com-
plementary information to understand the underlying
mechanism that produces the ridge phenomenon.
Finally, the RpA of jets in p+A collisions shows some
interesting centrality dependence [88], which can be ex-
plained by the bias introduced by the presence of a large
x parton in the projectile, which limits the amount of
low x partons to contribute to the underlying event mul-
tiplicity [89, 90, 91].
8. Summary
In summary, a lot of progress is being made in using
hard probes to learn about the properties of QCD matter
created in heavy ion collisions. We are closer to a clear
understanding of the detailed interactions of hard par-
tons with the quark gluon plasma and the properties of
in-medium showers. A combination of all relevant as-
pects of the medium evolution, hard parton production
and evolution, as well as electromagnetic probes and
heavy quark dynamics into a consistent framework is
still outstanding, but will be achievable in the future. In
combination with the analysis and theoretical descrip-
tion of small collision systems, this will lead to a de-
tailed understanding of QCD under extreme conditions
and the fundamental properties of matter.
Acknowledgments
The author thanks Gabriel Denicol for comments on
the manuscript. The author is supported under DOE
Contract No. de-sc0012704 and acknowledges a DOE
Office of Science Early Career Award.
References
[1] B. Schenke, P. Tribedy, R. Venugopalan, Fluctuating Glasma
initial conditions and flow in heavy ion collisions, Phys. Rev.
Lett. 108 (2012) 252301.
[2] B. Schenke, P. Tribedy, R. Venugopalan, Event-by-event gluon
multiplicity, energy density and eccentricities at RHIC and
LHC, Phys. Rev. C86 (2012) 034908.
[3] C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venu-
gopalan, Event-by-event anisotropic flow in heavy-
ion collisions from combined Yang-Mills and viscous
fluid dynamics, Phys.Rev.Lett. 110 (2013) 012302.
doi:10.1103/PhysRevLett.110.012302 .
[4] K. J. Eskola, K. Kajantie, P. V. Ruuskanen, K. Tuomi-
nen, Scaling of transverse energies and multiplicities
with atomic number and energy in ultrarelativistic nu-
clear collisions, Nucl. Phys. B570 (2000) 379–389.
doi:10.1016/S0550-3213(99)00720-8 .
[5] H. Niemi, K. J. Eskola, R. Paatelainen, Event-by-event fluctua-
tions in perturbative QCD + saturation + hydro model: pinning
down QCD matter shear viscosity in ultrarelativistic heavy-ion
collisionsarXiv:1505.02677 .
[6] I. Balitsky, G. A. Chirilli, Next-to-leading order evolu-
tion of color dipoles, Phys. Rev. D77 (2008) 014019.
arXiv:0710.4330, doi:10.1103/PhysRevD.77.014019 .
[7] T. Lappi, H. Mantysaari, Direct numerical solution of the co-
ordinate space Balitsky-Kovchegov equation at next to leading
order, Phys. Rev. D91 (7) (2015) 074016. arXiv:1502.02400,
doi:10.1103/PhysRevD.91.074016 .
[8] E. Iancu, J. D. Madrigal, A. H. Mueller, G. Soyez,
D. N. Triantafyllopoulos, Resumming double loga-
rithms in the QCD evolution of color dipoles, Phys.
Lett. B744 (2015) 293–302. arXiv:1502.05642,
doi:10.1016/j.physletb.2015.03.068 .
[9] C. Gale, S. Jeon, B. Schenke, Hydrodynamic Modeling of
Heavy-Ion Collisions, Int. J. of Mod. Phys. A, Vol. 28, 1340011.
arXiv:1301.5893.
[10] G. S. Denicol, H. Niemi, E. Molnar, D. H. Rischke, Derivation
of transient relativistic fluid dynamics from the Boltz-
mann equation, Phys. Rev. D85 (2012) 114047, [Erratum:
Phys. Rev.D91,no.3,039902(2015)]. arXiv:1202.4551,
doi:10.1103/PhysRevD.85.114047,10.1103/PhysRevD.91.039902 .
[11] M. Martinez, M. Strickland, Dissipative Dynamics of Highly
Anisotropic Systems, Nucl.Phys. A848 (2010) 183–197.
doi:10.1016/j.nuclphysa.2010.08.011 .
[12] M. Martinez, R. Ryblewski, M. Strickland, Boost-
Invariant (2+1)-dimensional Anisotropic Hydrodynam-
ics, Phys. Rev. C85 (2012) 064913. arXiv:1204.1473,
doi:10.1103/PhysRevC.85.064913 .
[13] D. Bazow, U. W. Heinz, M. Strickland, Second-order
(2+1)-dimensional anisotropic hydrodynamics, Phys.
Rev. C90 (5) (2014) 054910. arXiv:1311.6720,
doi:10.1103/PhysRevC.90.054910 .
[14] G. S. Denicol, U. W. Heinz, M. Martinez, J. Noronha,
M. Strickland, New Exact Solution of the Relativistic
Boltzmann Equation and its Hydrodynamic Limit, Phys.
5
Rev. Lett. 113 (20) (2014) 202301. arXiv:1408.5646,
doi:10.1103/PhysRevLett.113.202301 .
[15] G. S. Denicol, U. W. Heinz, M. Martinez, J. Noronha,
M. Strickland, Studying the validity of relativistic hydrody-
namics with a new exact solution of the Boltzmann equa-
tion, Phys. Rev. D90 (12) (2014) 125026. arXiv:1408.7048,
doi:10.1103/PhysRevD.90.125026 .
[16] D. Bazow, U. W. Heinz, M. Martinez, Nonconformal viscous
anisotropic hydrodynamics, Phys. Rev. C91 (6) (2015) 064903.
arXiv:1503.07443, doi:10.1103/PhysRevC.91.064903 .
[17] K. J. Eskola, H. Niemi, R. Paatelainen, Pinning down QCD-
matter shear viscosity in ultrarelativistic heavy-ion collisions
via EbyE fluctuations using pQCD + saturation + hydrodynam-
ics, in: 7th International Conference on Hard and Electromag-
netic Probes of High-Energy Nuclear Collisions (Hard Probes
2015) Montreal, Quebec, Canada, June 29-July 3, 2015, 2015.
arXiv:1509.02767.
[18] S. Plumari, G. L. Guardo, F. Scardina, V. Greco, Anisotropic
flows and the shear viscosity of the QGP within an event by
event transport approacharXiv:1507.05540 .
[19] H. Niemi, G. Denicol, P. Huovinen, E. Molnar, D. Rischke, In-
fluence of a temperature-dependent shear viscosity on the az-
imuthal asymmetries of transverse momentum spectra in ultra-
relativistic heavy-ion collisions, Phys.Rev. C86 (2012) 014909.
doi:10.1103/PhysRevC.86.014909 .
[20] A. Monnai, Thermal photon v2 with slow quark chemical equili-
bration, Phys. Rev. C90 (2) (2014) 021901. arXiv:1403.4225,
doi:10.1103/PhysRevC.90.021901 .
[21] J.-F. Paquet, C. Shen, G. S. Denicol, M. Luzum, B. Schenke,
S. Jeon, C. Gale, The production of photons in relativistic heavy-
ion collisionsarXiv:1509.06738 .
[22] O. Linnyk, W. Cassing, E. L. Bratkovskaya, Central-
ity dependence of the direct photon yield and elliptic
flow in heavy-ion collisions at √sNN = 200 GeV,
Phys. Rev. C89 (3) (2014) 034908. arXiv:1311.0279,
doi:10.1103/PhysRevC.89.034908 .
[23] O. Linnyk, V. Konchakovski, T. Steinert, W. Cassing, E. L.
Bratkovskaya, Hadronic and partonic sources of direct photons
in relativistic heavy-ion collisionsarXiv:1504.05699 .
[24] R. Ryblewski, M. Strickland, Dilepton production from the
quark-gluon plasma using (3+1)-dimensional anisotropic dis-
sipative hydrodynamics, Phys. Rev. D92 (2) (2015) 025026.
arXiv:1501.03418, doi:10.1103/PhysRevD.92.025026 .
[25] L. Bhattacharya, R. Ryblewski, M. Strickland, Pho-
ton production from a non-equilibrium quark-gluon
plasmaarXiv:1507.06605.
[26] L. Bhattacharya, R. Ryblewski, M. Strickland, Photon
and dilepton production from a non-equilibrium quark-gluon
plasma, in: 7th International Conference on Hard and Elec-
tromagnetic Probes of High-Energy Nuclear Collisions (Hard
Probes 2015) Montral, Qubec, Canada, June 29-July 3, 2015,
2015. arXiv:1509.04249.
[27] J. Ghiglieri, J. Hong, A. Kurkela, E. Lu, G. D. Moore,
D. Teaney, Next-to-leading order thermal photon production in
a weakly coupled quark-gluon plasma, JHEP 05 (2013) 010.
arXiv:1302.5970, doi:10.1007/JHEP05(2013)010 .
[28] J. Ghiglieri, G. D. Moore, Low Mass Thermal Dilep-
ton Production at NLO in a Weakly Coupled Quark-
Gluon Plasma, JHEP 12 (2014) 029. arXiv:1410.4203,
doi:10.1007/JHEP12(2014)029 .
[29] J. Ghiglieri, The thermal dilepton rate at NLO at small and large
invariant massarXiv:1510.00525.
[30] M. Laine, NLO thermal dilepton rate at non-zero mo-
mentum, JHEP 11 (2013) 120. arXiv:1310.0164,
doi:10.1007/JHEP11(2013)120 .
[31] P. M. Hohler, R. Rapp, Is ρ-Meson Melt-
ing Compatible with Chiral Restoration?, Phys.
Lett. B731 (2014) 103–109. arXiv:1311.2921,
doi:10.1016/j.physletb.2014.02.021 .
[32] P. M. Hohler, R. Rapp, Dileptons and Chiral Symmetry Restora-
tion, in: 7th International Conference on Hard and Electromag-
netic Probes of High-Energy Nuclear Collisions (Hard Probes
2015) Montral, Qubec, Canada, June 29-July 3, 2015, 2015.
arXiv:1509.05466.
[33] T. Song, C. M. Ko, S. H. Lee, Quarkonium formation time in rel-
ativistic heavy-ion collisions, Phys. Rev. C91 (4) (2015) 044909.
arXiv:1502.05734, doi:10.1103/PhysRevC.91.044909 .
[34] B. Abelev, et al., J/ψ suppression at forward rapid-
ity in Pb-Pb collisions at √sNN = 2.76 TeV, Phys.
Rev. Lett. 109 (2012) 072301. arXiv:1202.1383,
doi:10.1103/PhysRevLett.109.072301 .
[35] S. Cho, Enhanced production of ψ(2S ) mesons in heavy ion col-
lisions, Phys. Rev. C91 (5) (2015) 054914. arXiv:1408.4756,
doi:10.1103/PhysRevC.91.054914 .
[36] V. Khachatryan, et al., Measurement of Prompt ψ(2S ) → J/ψ
Yield Ratios in Pb-Pb and p− p Collisions at √sNN = 2.76TeV,
Phys. Rev. Lett. 113 (26) (2014) 262301. arXiv:1410.1804,
doi:10.1103/PhysRevLett.113.262301 .
[37] S. K. Das, F. Scardina, S. Plumari, V. Greco, Toward
a solution to the RAA and v2 puzzle for heavy quarks,
Phys. Lett. B747 (2015) 260–264. arXiv:1502.03757,
doi:10.1016/j.physletb.2015.06.003 .
[38] F. Scardina, S. K. Das, S. Plumari, J. I. Bellone, V. Greco,
Toward an understanding of the RAA and v2 puzzle for heavy
quarksarXiv:1509.01551 .
[39] A. Adare, et al., Energy Loss and Flow of Heavy Quarks
in Au+Au Collisions at s(NN)**(1/2) = 200-GeV, Phys.
Rev. Lett. 98 (2007) 172301. arXiv:nucl-ex/0611018 ,
doi:10.1103/PhysRevLett.98.172301 .
[40] A. Beraudo, A. De Pace, M. Monteno, M. Nardi, F. Prino, Heavy
flavors in heavy-ion collisions: quenching, flow and correla-
tions, Eur. Phys. J. C75 (3) (2015) 121. arXiv:1410.6082,
doi:10.1140/epjc/s10052-015-3336-6 .
[41] M. Nardi, A. Beraudo, A. De Pace, M. Monteno, F. Prino,
Heavy flavor in nucleus-nucleus and proton-nucleus: quench-
ing, flow and correlations, in: 7th International Conference on
Hard and Electromagnetic Probes of High-Energy Nuclear Col-
lisions (Hard Probes 2015) Montral, Qubec, Canada, June 29-
July 3, 2015, 2015. arXiv:1509.04083.
[42] J. Huang, Z.-B. Kang, I. Vitev, H. Xing, Photon-tagged
and B-meson-tagged b-jet production at the LHC, Phys.
Lett. B750 (2015) 287–293. arXiv:1505.03517,
doi:10.1016/j.physletb.2015.09.029 .
[43] H. Xing, J. Huang, Z.-B. Kang, I. Vitev, Quenching of inclusive
and tagged b-jets at the LHC, 2015. arXiv:1509.05126.
[44] R. Abir, A. Majumder, Drag induced radiative loss from semi-
hard heavy quarksarXiv:1506.08648.
[45] A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus, H. Ohno, A
non-perturbative estimate of the heavy quark momentum diffu-
sion coefficientarXiv:1508.04543 .
[46] S. Kim, P. Petreczky, A. Rothkopf, Lattice NRQCD study of
S- and P-wave bottomonium states in a thermal medium with
N f = 2 + 1 light flavors, Phys. Rev. D91 (2015) 054511.
arXiv:1409.3630, doi:10.1103/PhysRevD.91.054511 .
[47] T. Sjostrand, Monte Carlo Tools, in: Proceedings, 65th Scot-
tish Universities Summer School in Physics: LHC Physics
(SUSSP65), 2009, pp. 309–339. arXiv:0911.5286.
[48] T. Sjo¨strand, S. Mrenna, P. Skands, PYTHIA 6.4 Physics and
Manual, JHEP 05 (2006) 026.
[49] G. Corcella, I. G. Knowles, G. Marchesini, S. Moretti, K. Oda-
6
giri, P. Richardson, M. H. Seymour, B. R. Webber, HER-
WIG 6: An Event generator for hadron emission reac-
tions with interfering gluons (including supersymmetric pro-
cesses), JHEP 01 (2001) 010. arXiv:hep-ph/0011363 ,
doi:10.1088/1126-6708/2001/01/010 .
[50] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr,
S. Schumann, F. Siegert, J. Winter, Event generation with
SHERPA 1.1, JHEP 02 (2009) 007. arXiv:0811.4622,
doi:10.1088/1126-6708/2009/02/007 .
[51] X.-f. Guo, X.-N. Wang, Multiple scattering, par-
ton energy loss and modified fragmentation functions
in deeply inelastic e A scattering, Phys. Rev. Lett.
85 (2000) 3591–3594. arXiv:hep-ph/0005044 ,
doi:10.1103/PhysRevLett.85.3591 .
[52] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, D. Schiff,
Radiative energy loss of high energy quarks and gluons in a
finite-volume quark-gluon plasma, Nucl. Phys. B483 (1997)
291–320. doi:10.1016/S0550-3213(96)00553-6 .
[53] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne,
D. Schiff, Radiative energy loss and p(T)-broadening of high
energy partons in nuclei, Nucl. Phys. B484 (1997) 265–282.
doi:10.1016/S0550-3213(96)00581-0 .
[54] B. G. Zakharov, Fully quantum treatment of the Landau-
Pomeranchuk-Migdal effect in QED and QCD, JETP Lett. 63
(1996) 952–957. doi:10.1134/1.567126 .
[55] B. G. Zakharov, Radiative energy loss of high energy quarks in
finite-size nuclear matter and quark-gluon plasma, JETP Lett.
65 (1997) 615–620. doi:10.1134/1.567389 .
[56] A. Majumder, Hard Probes: After the dust has settled!,
in: 7th International Conference on Hard and Electromag-
netic Probes of High-Energy Nuclear Collisions (Hard Probes
2015) Montral, Qubec, Canada, June 29-July 3, 2015, 2015.
arXiv:1510.01581.
[57] S. S. Gubser, Drag force in AdS/CFT, Phys. Rev.
D74 (2006) 126005. arXiv:hep-th/0605182 ,
doi:10.1103/PhysRevD.74.126005 .
[58] P. Arnold, D. Vaman, Jet quenching in hot strongly cou-
pled gauge theories revisited: 3-point correlators with gauge-
gravity duality, JHEP 10 (2010) 099. arXiv:1008.4023,
doi:10.1007/JHEP10(2010)099 .
[59] P. Arnold, D. Vaman, Jet quenching in hot strongly
coupled gauge theories simplified, JHEP 04 (2011) 027.
arXiv:1101.2689, doi:10.1007/JHEP04(2011)027 .
[60] J. Casalderrey-Solana, D. C. Gulhan, J. G. Milhano,
D. Pablos, K. Rajagopal, A Hybrid Strong/Weak Cou-
pling Approach to Jet Quenching, JHEP 10 (2014) 19,
[Erratum: JHEP09,175(2015)]. arXiv:1405.3864,
doi:10.1007/JHEP09(2015)175,10.1007/JHEP10(2014)019 .
[61] J. Casalderrey-Solana, D. C. Gulhan, J. G. Milhano, D. Pablos,
K. Rajagopal, Predictions for Boson-Jet Observables and Frag-
mentation Function Ratios from a Hybrid Strong/Weak Cou-
pling Model for Jet QuenchingarXiv:1508.00815 .
[62] J. Casalderrey-Solana, Y. Mehtar-Tani, C. A. Salgado, K. Ty-
woniuk, New picture of jet quenching dictated by color coher-
ence, Phys. Lett. B725 (2013) 357–360. arXiv:1210.7765,
doi:10.1016/j.physletb.2013.07.046 .
[63] J.-P. Blaizot, Y. Mehtar-Tani, Jet Structure in Heavy Ion Colli-
sionsarXiv:1503.05958.
[64] L. Apolinrio, N. Armesto, J. G. Milhano, C. A. Sal-
gado, Medium-induced gluon radiation and colour decoher-
ence beyond the soft approximation, JHEP 02 (2015) 119.
arXiv:1407.0599, doi:10.1007/JHEP02(2015)119 .
[65] B. Schenke, C. Gale, S. Jeon, MARTINI: An event generator for
relativistic heavy-ion collisions, Phys. Rev. C80 (2009) 054913.
doi:10.1103/PhysRevC.80.054913 .
[66] J.-P. Blaizot, Y. Mehtar-Tani, Energy flow along the medium-
induced parton cascadearXiv:1501.03443 .
[67] E. Iancu, B. Wu, Thermalization of mini-jets in a quark-gluon
plasmaarXiv:1506.07871 .
[68] T. Liou, A. H. Mueller, B. Wu, Radiative p⊥-broadening
of high-energy quarks and gluons in QCD matter, Nucl.
Phys. A916 (2013) 102–125. arXiv:1304.7677,
doi:10.1016/j.nuclphysa.2013.08.005 .
[69] J.-P. Blaizot, Y. Mehtar-Tani, Renormaliza-
tion of the jet-quenching parameter, Nucl. Phys.
A929 (2014) 202–229. arXiv:1403.2323,
doi:10.1016/j.nuclphysa.2014.05.018 .
[70] J. Ghiglieri, D. Teaney, Parton energy loss and momen-
tum broadening at NLO in high temperature QCD plas-
masarXiv:1502.03730.
[71] J. Ghiglieri, G. D. Moore, D. Teaney, Jet-Medium In-
teractions at NLO in a Weakly-Coupled Quark-Gluon
PlasmaarXiv:1509.07773 .
[72] B. Betz, M. Gyulassy, Constraints on the Path-Length
Dependence of Jet Quenching in Nuclear Colli-
sions at RHIC and LHC, JHEP 08 (2014) 090, [Er-
ratum: JHEP10,043(2014)]. arXiv:1404.6378,
doi:10.1007/JHEP10(2014)043,10.1007/JHEP08(2014)090 .
[73] B. Betz, F. Senzel, C. Greiner, M. Gyulassy, Constraints on
the Jet-Medium Coupling from Measurements at RHIC and
LHC, in: 7th International Conference on Hard and Electromag-
netic Probes of High-Energy Nuclear Collisions (Hard Probes
2015) Montral, Qubec, Canada, June 29-July 3, 2015, 2015.
arXiv:1509.00965.
[74] Y. Tachibana, T. Hirano, Momentum transport away
from a jet in an expanding nuclear medium, Phys.
Rev. C90 (2) (2014) 021902. arXiv:1402.6469,
doi:10.1103/PhysRevC.90.021902 .
[75] Y. He, T. Luo, X.-N. Wang, Y. Zhu, Linear Boltzmann Trans-
port for Jet Propagation in the Quark-Gluon Plasma: Elastic
Processes and Medium Recoil, Phys. Rev. C91 (2015) 054908.
arXiv:1503.03313, doi:10.1103/PhysRevC.91.054908 .
[76] Y.-T. Chien, I. Vitev, Towards the Understanding of Jet Shapes
and Cross Sections in Heavy Ion Collisions Using Soft-
Collinear Effective TheoryarXiv:1509.07257.
[77] K. C. Han, R. J. Fries, C. M. Ko, Jet Fragmen-
tation via Recombination of Parton Showers, J. Phys.
Conf. Ser. 420 (2013) 012044. arXiv:1209.1141,
doi:10.1088/1742-6596/420/1/012044 .
[78] K. Dusling, W. Li, B. Schenke, Novel Collective Phenom-
ena in High-Energy Proton-Proton and Proton-Nucleus Colli-
sionsarXiv:1509.07939.
[79] T. Lappi, Azimuthal harmonics of color
fields in a high energy nucleus, Phys. Lett.
B744 (2015) 315–319. arXiv:1501.05505,
doi:10.1016/j.physletb.2015.04.015 .
[80] B. Schenke, S. Schlichting, R. Venugopalan, Azimuthal
anisotropies in p+Pb collisions from classical YangMills dy-
namics, Phys. Lett. B747 (2015) 76–82. arXiv:1502.01331,
doi:10.1016/j.physletb.2015.05.051 .
[81] T. Lappi, Initial state in heavy ion collisions, in: 7th Interna-
tional Conference on Hard and Electromagnetic Probes of High-
Energy Nuclear Collisions (Hard Probes 2015) Montral, Qubec,
Canada, June 29-July 3, 2015, 2015. arXiv:1509.04503.
[82] R. Vogt, Shadowing effects on J/ψ and Υ production at
energies available at the CERN Large Hadron Collider,
Phys. Rev. C92 (3) (2015) 034909. arXiv:1507.04418,
doi:10.1103/PhysRevC.92.034909 .
[83] B. Ducloue, T. Lappi, H. Mantysaari, Forward J/ψ pro-
duction in proton-nucleus collisions at high energy, Phys.
7
Rev. D91 (11) (2015) 114005. arXiv:1503.02789,
doi:10.1103/PhysRevD.91.114005 .
[84] B. Ducloue, T. Lappi, H. Mantysaari, Nuclear modification
of forward J/ψ production in proton-nucleus collisions at the
LHC, in: 7th International Conference on Hard and Electromag-
netic Probes of High-Energy Nuclear Collisions (Hard Probes
2015) Montral, Qubec, Canada, June 29-July 3, 2015, 2015.
arXiv:1509.04856.
[85] H. Fujii, K. Watanabe, Heavy quark pair produc-
tion in high energy pA collisions: Quarkonium,
Nucl. Phys. A915 (2013) 1–23. arXiv:1304.2221,
doi:10.1016/j.nuclphysa.2013.06.011 .
[86] F. Arleo, S. Peign, Quarkonium suppression from coher-
ent energy loss in fixed-target experiments using LHC
beamsarXiv:1504.07428.
[87] A. Kovner, A. H. Rezaeian, Di-photon ”Ridge” in p+p and p+A
collisions at RHIC and the LHCarXiv:1508.02412.
[88] G. Aad, et al., Centrality and rapidity dependence
of inclusive jet production in √sNN = 5.02 TeV
proton-lead collisions with the ATLAS detector, Phys.
Lett. B748 (2015) 392–413. arXiv:1412.4092,
doi:10.1016/j.physletb.2015.07.023 .
[89] M. Alvioli, B. A. Cole, L. Frankfurt, D. V. Perepelitsa, M. Strik-
man, Evidence for x-dependent proton color fluctuations in pA
collisions at the LHCarXiv:1409.7381.
[90] D. V. Perepelitsa, P. A. Steinberg, Calculation of central-
ity bias factors in p+A collisions based on a positive cor-
relation of hard process yields with underlying event activ-
ityarXiv:1412.0976.
[91] N. Armesto, D. C. Glhan, J. G. Milhano, Kinematic bias
on centrality selection of jet events in pPb collisions at the
LHC, Phys. Lett. B747 (2015) 441–445. arXiv:1502.02986,
doi:10.1016/j.physletb.2015.06.032 .
8
